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SUMMARY 

Convec t ion  i n  r e c t a n g u l a r  enc losu res  w i t h  combined h o r i z o n t a l  t empera tu re  
and c o n c e n t r a t i o n  g r a d i e n t s  i s  s t u d i e d .  An e l e c t r o c h e m i c a l  system i s  employed 
to impose t h e  c o n c e n t r a t i o n  g r a d i e n t s .  Due t o  a l a r g e  d i f f e r e n c e  between t h e  
thermal  and s o l u t a l  d i f f u s i o n  r a t e s  t h e  f low possesses d o u b l e - d i f f u s i v e  char -  
h c t e r i s t i c s .  

7 .two-phase i n t e r f a c e s .  The main o b j e c t i v e  o f  t h e  p r e s e n t  work i s  t o  o b t a i n  more 
h i n f o r m a t i o n  on  t h e  flows near  t h e  two v e r t i c a l  phase i n t e r f a c e s  under v a r i o u s  

Very  complex f i n g e r i n g  f low p a t t e r n s  a r e  observed around t h e  
I 

Ln 
0 
cf 
w 

p a r a m e t r i c  c o n d i t i o n s .  The f i n g e r i n g  flows near  t h e  c r y s t a l  c o u l d  be one o f  

The ranges o f  t h e  parameters  s t u d i e d  a r e  Sc (Schmid t  number) = 2200 t o  

N (buoyancy r a t i o )  = 0.05 t o  

I the  most i m p o r t a n t  f a c t o r s  t o  cause t h e  c r y s t a l  i m p e r f e c t i o n s .  

2400, P r  ( P r a n d t l  number) = 4 . 0  t o  7.0, G r T  (Grashof  number) = 2 . 5 0 ~ 1 0 6  t o  
5 . 0 1 ~ 1 0 7 ,  A r  ( a s p e c t  r a t i o )  = 0.61 to  3.0, and 
54.8. 

INTRODUCTION 

The growth  of c r y s t a l  i s  a coup led  process  o f  h e a t  and mass t r a n s f e r ,  
f l u i d  flow, phase t r a n s f o r m a t i o n s ,  and chemica l  r e a c t i o n s .  A l t h o u g h  t h e  tech-  
n o l o g y  o f  c r y s t a l  g rowth  i s  w e l l  grounded i n  p h y s i c a l  c h e m i s t r y ,  t h e  t r e a t m e n t  
o f  t h e  t r a n s p o r t  phenomena has been r e l a t i v e l y  r u d i m e n t a r y  and e m p i r i c a l .  
R e c e n t l y ,  i t  was recogn ized  t h a t  c o n v e c t i o n ,  as a r e s u l t  of tempera tu re  and 
c o n c e n t r a t i o n  g r a d i e n t s ,  o c c u r s  i n  many aspec ts  o f  m a t e r i a l s  p r o c e s s i n g  i n c l u d -  
i n g  s o l i d i f i c a t i o n ,  o x i d a t i o n  o f  s u r f a c e  m a t e r i a l ,  and c r y s t a l  g rowth .  

Thermoso lu ta l  c o n v e c t i o n  i s  v e r y  i m p o r t a n t  i n  c r y s t a l  g rowth  processes  
( r e f .  1 ) .  I n  many c r y s t a l  g rowth  techn iques  ( e . g . ,  h o r i z o n t a l  Bridgman) t h e  
f l u i d  phase i s  s u b j e c t e d  t o  h o r i z o n t a l  t empera tu re  and c o n c e n t r a t i o n  g r a d i e n t s .  
A l though  s e v e r a l  i n v e s t i g a t o r s  i n  t h e  p a s t  s t u d i e d  t h e r m o s o l u t a l  b u l k  convec- 
t i o n  i n  enc losu res  w i t h  combined h o r i z o n t a l  t empera tu re  and c o n c e n t r a t i o n  
g r a d i e n t s  ( r e f s .  2 t o  4 1 ,  e x t e n s i v e  and s y s t e m a t i c  work i s  s t i l l  needed t o  

* N a t i o n a l  Research C o u n c i l  - NASA Research A s s o c i a t e ;  on l e a v e  from t h e  
I n s t i t u t e  o f  A e r o n a u t i c s  and A s t r o n a u t i c s ,  N a t i o n a l  Cheng Kung U n i v e r s i t y ,  
Taiwan, Repub l i c  o f  Ch ina .  
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unders tand c o n v e c t i o n  near  t h e  two v e r t i c a l  me ta l  p l a t e s  i n  enc losu res  w i t h  
combined d r i v i n g  f o r c e s .  

I I n  a lmos t  a l l  t h e  commonly used c r y s t a l  g rowth  techn iques  t h e  p a r e n t  phase 
, i s  a f l u i d .  A s  i n  most n o n e q u i l i b r i u m  processes  i n v o l v i n g  a f l u i d ,  c o n v e c t i o n  

p l a y s  a dominant r o l e  i n  t h a t  i t  a f f e c t s  t h e  f l u i d - p h a s e  c o m p o s i t i o n  and tem- 
p e r a t u r e  a t  t h e  phase i n t e r f a c e .  The f l u i d  m o t i o n  i n  many cases i s  de te rm ined  
by t h e  l o c a l l y  genera ted  m o t i o n .  The flows a r e  due e i t h e r  t o  t h e  e f f e c t s  o f  
tempera tu re  and /o r  c o n c e n t r a t i o n  g r a d i e n t s  i n  a body - fo rce  f i e l d .  I n  some 
c r y s t a l - g r o w t h  techn iques ,  t h e  c o m p l e t e l y  c o n f i n e d  f l u i d  phase i s  s u b j e c t  t o  
h o r i z o n t a l  t empera tu re  and c o n c e n t r a t i o n  g r a d i e n t s .  To g a i n  i n s i g h t s  on such 
f lows,  an exper imen ta l  program was i n i t i a t e d  t o  s t u d y  f lows near  t h e  phase 
i n t e r f a c e s  i n  r e c t a n g u l a r  e n c l o s u r e s  w i t h  h o r i z o n t a l  t empera tu re  and concent ra -  
t i o n  g r a d i e n t s .  

I 
l 
l 
I s t r u c t u r e  o f  c o n v e c t i n g  r e g i o n s  near  t h e  me ta l  p l a t e s .  

D e s p i t e  t h e  r e l e v a n c e  o f  d o u b l e - d i f f u s i v e  c o n v e c t i o n  near  t h e  f l u i d - s o l i d  
i n t e r f a c e ,  l i t t l e  work has been done i n  t h i s  a rea .  The o b j e c t i v e  o f  t h i s  s t u d y  

and c o n c e n t r a t i o n  g r a d i e n t s  i n  e n c l o s u r e s .  A t t e n t i o n  i s  focused on  t h e  flow 
i s  t o  i n v e s t i g a t e  d o u b l e - d i f f u s i v e  c o n v e c t i o n  i nduced  b y  h o r i z o n t a l  tempera ture  

EXPERIMENTAL DESIGN 

D imens ion less  Parameters 

Based on t h e  b a s i c  d i f f e r e n t i a l  e q u a t i o n s  f o r  n a t u r a l  c o n v e c t i o n  i n  an 
e n c l o s u r e  w i t h  thermal  and s o l u t a l  buoyancy f o r c e s  ( r e f .  l), i t  can be shown 
t h a t  t h e  f o l l o w i n g  d imens ion less  parameters  a r e  
i m p o r t a n t  i n  t h e  p r e s e n t  work: 

g3  ATH3 thermal  Grashof  number, G r T  = 
V 

V P r a n d t l  number, P r  = - a 

Schmidt number, Sc = 

AC buoyancy r a t i o ,  N = - 13 AT 
H aspec t  r a t i o ,  A r  = - L 

where g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  v i s  t h e  f l u i d  k i n e m a t i c  v i s c o s -  
i t y ,  a t h e  thermal  d i f f u s i v i t y ,  and D t h e  d i f f u s i o n  c o e f f i c i e n t .  The h e i g h t  
and w i d t h  o f  the  e n c l o s u r e  a r e  H and L, r e s p e c t i v e l y .  A T  and AC a r e  t h e  
imposed tempera ture  and c o n c e n t r a t i o n  d i f f e r e n c e s ,  r e s p e c t i v e l y ,  between t h e  
two v e r t i c a l  w a l l s  separa ted  by L .  D e n s i t y  v a r i a t i o n  due t o  tempera tu re  i s  
rep resen ted  by t h e  v o l u m e t r i c  thermal  expans ion  c o e f f i c i e n t  P,-and t h a t  due t o  
c o n c e n t r a t i o n  by  the  v o l u m e t r i c  s o l u t a l  expans ion  c o e f f i c i e n t  13. I n s t e a d  o f  

2 I 



t he  ( G r T ,  N )  comb ina t ion  t h e  ( G r T , G r S >  comb ina t ion  I s  sometimes used, where 
- 3 

G r S  i s  d e f i n e d  as G r S  = %!@ = N G r T ,  s o l u t a l  Grashof number. 
V 

With  t h e  p r e s e n t  system t h e  ranges o f  t h e  d imens ion less  parameters  covered 
P r  = 4.0 t o  7.0, G r T  = 2 . 5 0 ~ 1 0 6  t o  5 . 0 1 ~ 1 0 7 ,  for thermal  and s o l u t a l  cases a r e  

Ar = 0.61 t o  3.0, N = 0.05 to  5 4 . 8 ,  and Sc = 2200 t o  2400. A l l  f l u i d  p roper -  
t i e s  a r e  e v a l u a t e d  a t  t h e  average tempera tu re  o f  t h e  hot and c o l d  w a l l s  and a t  
t h e  average c o n c e n t r a t i o n  of t h e  b u l k  s o l u t i o n .  

Tes t  Apparatus 

A s k e t c h  o f  t h e  exper imen ta l  system i s  p r e s e n t e d  i n  f i g u r e  1 .  The t e s t  
c e l l  i s  a r e c t a n g u l a r  e n c l o s u r e  formed w i t h  f o u r  i n s u l a t i n g  P l e x i g l a s  p l a t e s  
and two copper p l a t e s  ( b o t h  t h e r m a l l y  and e l e c t r i c a l l y  c o n d u c t i v e ) .  The w i d t h ,  
L,  i s  7.7 cm and t h e  h e i g h t  i s  v a r i a b l e  so t h a t  a range o f  aspec t  r a t i o s  can be 
covered.  The dep th  o f  t h e  e n c l o s u r e  i s  r e l a t i v e l y  l a r g e  ( 2 3 . 9  cm). The two 
copper v e r t i c a l  end w a l l s  t h a t  a r e  0.7 cm t h i c k .  

An e l e c t r i c a l  h e a t i n g  mat i s  bonded on t h e  back of one of t h e  copper 
p l a t e s  and a c i r c u l a t i n g  water  system c o o l s  t h e  o t h e r  copper p l a t e ,  so t h a t  
u n i f o r m  tempera tures  can be imposed on t h e  copper s u r f a c e s .  The P l e x i g l a s  su r -  
f aces  a r e  wrapped w i t h  5 cm t h i c k  f i b e r g l a s s  i n s u l a t i o n  t o  ensure an a d i a b a t i c  
boundary c o n d i t i o n .  There a r e  t h r e e  thermocouples embedded i n  each copper 
p l a t e  t o  measure t h e  u n i f o r m i t y  o f  t h e  tempera tu re  o v e r  t h e  e n t i r e  s u r f a c e .  A 
thermocouple p robe w i t h  a two-d imens iona l  t r a v e r s i n g  mechanism i s  i n s e r t e d  i n t o  
t h e  t e s t  s e c t i o n  t o  measure t h e  tempera tu re  d i s t r i b u t i o n  i n s i d e  t h e  e n c l o s u r e .  
A Leeds and N o r t h r u p  m i l l i v o l t  p o t e n t i o m e t e r  i s  used t o  measure t h e  thermo- 
e l e c t r i c  emf from the  copper -cons tan tan  thermocoup les .  

The t e s t  f l u i d  i s  a copper -su lpha te -ac id  s o l u t i o n  (CuSO4 + H2SO4 + H20). 
Hhen a v o l t a g e  i s  a p p l i e d  t o  t h e  e l e c t r o d e s ,  copper d i s s o l v e s  i n t o  t h e  s o l u t i o n  
;It t h e  anode and i s  d e p o s i t e d  a t  t h e  ca thode.  A s  a r e s u l t ,  t h e  d e n s i t y  o f  t h e  
f l u i d  near  t h e  cathode (anode) becomes lower  ( h i g h e r )  t han  t h a t  of t h e  b u l k  of 
the  s o l u t i o n .  The m i g r a t i o n  o f  t h e  c u p r i c  i o n s  i n  t h e  e l e c t r i c a l  f i e l d  i s  
e l i m i n a t e d  by add ing  s u l p h u r i c  a c i d  t o  t h e  so lu t i on ,  which a c t s  as a s u p p o r t i n g  
e l e c t r o l y t e ,  and thus  t h e  t r a n s p o r t  of t h e  c u p r i c  i o n s  i n  t h e  c e l l  i s  con- 
t r o l l e d  o n l y  by  d i f f u s i o n  and c o n v e c t i o n .  I n  t h e  exper imen t  t h e  c o n c e n t r a t i o n  
(of CuSO4 v a r i e s  from 0.05 t o  0.10 M .  The a c i d i t y  o f  t h e  s o l u t i o n  i s  k e p t  con- 
s t a n t  a t  1 . 5  M H2SO4. 
Wi lke  e t  a1 ( r e f .  5). 

The p h y s i c a l  p r o p e r t i e s  o f  t h e  s o l u t i o n  a r e  taken  from 

The a u x i l i a r y  system c o n s i s t s  o f  a dc power s u p p l y ,  i n s t r u m e n t s  t o  meas- 
u r e  t h e  t o t a l  c u r r e n t  and p o t e n t i a l  i n  t h e  c e l l ,  and a v a r i a b l e  r e s i s t a n c e  t o  
c o n t r o l  t h e  c u r r e n t .  

Tes t  Procedure 

A l t h o u g h  t h e  tempera tures  o f  t h e  copper w a l l s  can be e a s i l y  measured by  
thermocoup les ,  t h e  c o n c e n t r a t i o n  l e v e l s  a t  t h e  w a l l s  cannot  be so e a s i l y  d e t e r -  
mined. One r e l a t i v e l y  s imp le  way t o  s p e c i f y  t h e  c o n c e n t r a t i o n  l e v e l  a t  t h e  
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cathode w a l l  i n  t he  p r e s e n t  system i s  t o  a d j u s t  t h e  c e l l  p o t e n t l a l  I n  s u c h  (t 

way t h a t  t he  l i m i t i n g  c u r r e n t  i s  o b t a i n e d .  Under t h e  l l m i t i n g - c u r r e n t  cond i -  
t i o n  t h e  i o n  c o n c e n t r a t i o n  a t  t h e  cathode s u r f a c e  i s  z e r o ,  i n  o t h e r  words t h e  
change i n  c o n c e n t r a t i o n  ac ross  t h e  sol u t a 1  boundary 1 ayer  a l o n g  t h e  cathode i s 
Cb, where Cb i s  t h e  c o n c e n t r a t i o n  l e v e l  i n  t h e  b u l k  f l u i d .  A s  c o n v e c t i o n  
develops i n  t h e  c e l l ,  t he  c o n c e n t r a t i o n  l e v e l  becomes nonun i fo rm i n  t h e  b u l k  
r e g i o n ,  and o n l y  on t h e  average t h e  b u l k  c o n c e n t r a t i o n  l e v e l  remains c o n s t a n t .  
Two types  o f  t e s t s  have been conducted .  I n  t h e  f i r s t  t y p e  o f  t e s t s ,  t h e  e l e c -  
t r o c h e m i c a l  system i s  s t a r t e d  a f t e r  t h e  thermal  c o n v e c t i o n  becomes s teady .  Due 
t o  e l e c t r o l y s i s  t h e  copper w a l l  surfaces become rough slowly w i t h  t i m e ,  the  
d u r a t i o n  o f  each r u n  i s  l i m i t e d  t o  a maximum 5 h r  a f t e r  t h e  e l e c t r o c h e m i c a l  
system i s  s t a r t e d .  However, t h e  t i m e  r e q u i r e d  t o  a t t a i n  s teady  s o l u t a l  convec- 
t ion  i s  f a r  l o n g e r  t h a n  5 h r .  I n  t h e  second t y p e  o f  t e s t s ,  t h e  system i s  
s t a r t e d  i n  a d i f f e r e n t  way, t h e  e l e c t r o c h e m i c a l  system i s  s t a r t e d  f i r s t  fo r  
4 . 5  h r  and then a tempera tu re  g r a d i e n t  i s  imposed. S ince  t h e  l i m i t i n g  c u r r e n t  
has been found t o  change g r a d u a l l y  w i t h  t i m e  as thermal  c o n v e c t i o n  develops i n  
t h e  c e l l ,  t he  c o n c e n t r a t i o n  boundary c o n d i t i o n s  become l e s s  w e l l  de f i ned .  To 
v i s u a l i z e  l o c a l  f low s t r u c t u r e s ,  l a s e r  l i g h t  and dye a r e  employed. The o p t i c a l  
t echn ique  i s  shadowgraphs. 

RESULTS AND DISCUSSION 

The F i r s t  Type o f  Tes ts  

I t  c o u l d  be a n t i c i p a t e d  t h a t  t h e  f low s t r u c t u r e s  f o r  combined d r i v i n g  
f o r c e  cases a r e  more complex than  those i n  p u r e l y  thermal  or  s o l u t a l  cases 
( r e f .  2 ) .  The ske tch  o f  t y p i c a l  l a y e r e d  f low p a t t e r n  observed w i t h  dye t r a c e r s  
for  a case i s  g i v e n  i n  f i g u r e  2 .  Us ing  o p t i c a l  v i s u a l i z a t i o n  t e c h n i q u e s ,  we 
have found  t h a t  secondary mo t ions  appear near  each v e r t i c a l  w a l l .  F u r t h e r ,  i n  
c e l l s  near  t h e  h o t  anode t h e  f lows a r e  c o u n t e r c l o c k w i s e .  

Because t h e  the rma l  c o n v e c t i o n  dominates i n  t h e  b u l k  f low i n  t h e  p r e s e n t  
system, near  t h e  h o t  anode the  f l u i d  moves upward a l o n g  t h e  w a l l  to  t h e  i n t e r -  
f a c e  where some o f  t h e  h e a v i e r  f l u i d  e n t r a i n e d  from t h e  s o l u t a l  l a y e r  t u r n s  
downward. The remainder  o f  t h e  f l u i d  proceeds toward  t h e  o t h e r  end a l o n g  t h e  
i n t e r f a c e .  S i m i l a r  b e h a v i o r  o c c u r s  near  t h e  c o l d  ca thode.  The r e s u l t  i s  
l a y e r e d  p a t t e r n s  w i t h  secondary c e l l s  near t h e  e l e c t r o d e s .  The secondary c e l l s  
a r e  a r e s u l t  o f  t h e  doub le  d i f f u s i o n  because as t h e  f low t u r n s  near  t h e  c o r n e r  
o f  t h e  i n t e r f a c e  and t h e  copper p l a t e  t h e  response t o  t h e  tempera tu re  change i s  
r a p i d  b u t  t h e  c o n c e n t r a t i o n  does n o t  change a p p r e c i a b l y .  Thus t h e  e n t r a i n e d  
f l u i d  t h a t  leaves  t h e  thermal  boundary l a y e r  has a buoyancy force o p p o s i t e  t o  
t h e  main f low and i t  moves i n  a c o u n t e r  d i r e c t i o n  t o  form t h e  c h a o t i c  t u r b u -  
l e n t  f i n g e r i n g  c e l l .  

Shown i n  f i g u r e s  3 and 4 a r e  some s a l t  f i n g e r s  near  t h e  copper p l a t e s .  
The s a l t  f i n g e r s  f o r  t h e  p r e s e n t  cases a r e  due t o  t h e  f a c t  t h a t  f l u i d  p a r c e l s  
heated  a t  the  anode r i s e  i n  a d e c r e a s i n g  ambien t  d e n s i t y  env i ronment  ( i n d u c e d  
by t h e  h o r i z o n t a l  c o n c e n t r a t i o n  g r a d i e n t )  wh ich  l i m i t s  t h e i r  ascen t ,  t h e  p a r c e l  
t hen  t u r n s  around and becomes s a l t  f i n g e r .  What i s  c a l l e d  " s a l t  f i n g e r i n g "  
occu rs  as a r e s u l t  o f  t h e  i n t e r a c t i o n  between a s t a b l e  tempera tu re  g r a d i e n t  
( r e f .  6) and an u n s t a b l e  c o n c e n t r a t i o n  g r a d i e n t .  The appearance o f  s a l t  f i n -  
gers  can be m o d i f i e d  by  g e o m e t r i c a l  c o n s t r a i n t s  as a comparison o f  f i g u r e s  3 ( a >  
t o  ( c )  i n d i c a t e s .  For a f i x e d  s o l u t a l  Grashof  number and aspec t  r a t i o  when t h e  
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buoyancy r a t i o ,  N i s  reduced ( t h e r m a l  Grashof  number i n c r e a s e ) ,  t h e  s a l t  f i n -  
gers  occu r  a t  h i g h e r  p o s i t i o n s  a l o n g  t h e  anode for t h e  oppos ing  cases. 

The Second Type o f  Tes ts  

The e l e c t r o c h e m i c a l  system i s  s t a r t e d  f i r s t  f o r  4 .5  h r  and then  a tempera- 
t u r e  g r a d i e n t  i s  imposed. When f l u i d  w i t h  a v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t  
induced by a h o r i z o n t a l  c o n c e n t r a t i o n  g r a d i e n t  i n  an e n c l o s u r e  i s  heated  and 
coo led  from t h e  s i d e s ,  t h e  r e s u l t a n t  mo t ion  c o n s i s t s  o f  a s e r i e s  o f  l a y e r s  
which propagate  away from t h e  hea ted  and coo led  w a l l s  ( f i g .  5 ) .  The mot ion  i s  
d r i v e n  by t h e  r i s e  ( d r o p )  o f  t h e  warmed (coo led )  f l u i d  p a r c e l s  near  t h e  w a l l .  
Because t h e  d i f f u s i o n  c o e f f i c i e n t  o f  CuSO4 i s  much l e s s  than  t h a t  of h e a t ,  t h e  
p a r c e l s  r e t a i n  a lmost  a l l  t h e i r  c o n c e n t r a t i o n  as t h e y  r i s e  ( d r o p )  i n  a c o n t i n u -  
a l l y  d e c r e a s i n g  ambient d e n s i t y  f i e l d .  T h e i r  p o s i t i v e  ( n e g a t i v e )  buoyancy 
f o r c e  a l s o  c o n t i n u a l l y  decreases and a l e v e l  i s  reached beyond wh ich  no f u r t h e r  
v e r t i c a l  m o t i o n  i s  p o s s i b l e ;  t h e  p a r c e l  t hen  t u r n s  h o r i z o n t a l l y  i n t o  t h e  i n t e -  
r i o r .  Many h o r i z o n t a l l y  o r i e n t e d  l a y e r s  a r e  t h e r e b y  s e t  up. 

S i m i l a r  phenomena can be ach ieved  by  t h e  o t h e r  way wh ich  i s  a smooth ver -  
t i c a l  c o n c e n t r a t i o n  g r a d i e n t  h e a t i n g  or c o o l i n g  from a s i d e  w a l l  d i r e c t l y  
( r e f .  7 ) .  A h a l l m a r k  o f  t h i s  d o u b l e - d i f f u s i v e  c o n v e c t i o n  i s  t h e  t r a n s f o r m a t i o n  
o f  a smooth v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t  i n t o  a s e r i e s  o f  l a y e r s  separa ted  
by  v e r y  t h i n  i n t e r f a c e s .  R e l a t i v e l y  l a r g e  v a r i a t i o n s  i n  c o n c e n t r a t i o n s  e x i s t  
i l c ross  these i n t e r f a c e s .  D o u b l e - d i f f u s i v e  i n t r u s i o n s  form w i t h i n  a m a t t e r  o f  
minu tes  a f t e r  a tempera tu re  g r a d i e n t  i s  imposed. F i g u r e  5 shows shadowgraphs 
o f  an exper iment  wh ich  has been heated  and coo led  from t h e  s i d e s  f o r  a few min- 
lutes. The c o n v e c t i o n  c e l l s  or r o l l s  ( look l i k e  t h i c k  f i n g e r s ,  see f i g .  5 ( d ) )  
,spr ing  up a l o n g  t h e  hea ted  and c o o l e d  w a l l .  T h i s  may i n d i c a t e  a s t a b i l i t y  phe- 
tiomenon ( r e f .  7 ) .  The c e l l s  a r e  a p p r o x i m a t e l y  equal  s i z e .  They grow i n  t h e  
l a t e r a l  d i r e c t i o n .  

CONCLUSION 

The r e s u l t s  o f  t h e  p r e s e n t  exper imen ts  i n d i c a t e  t h a t  f o r  t h e  range of 

1 .  I n  t h e  f i r s t  t y p e  o f  t e s t s ,  i t  i s  found t h a t  t h e  i n t e r a c t i o n  between 

'aspect r a t i o s ,  buoyancy r a t i o s ,  and Grashof  and P r a n d t l  numbers covered:  

t he  tempera tu re  and c o n c e n t r a t i o n  f i e l d  may cause secondary f i n g e r i n g  c e l l s  
near two end w a l l s  i n  t h e  l a y e r e d  flow s t r u c t u r e .  

2 .  I n  t h e  f i r s t  t y p e  o f  t e s t s ,  i f  f i n g e r s  appear a l o n g  t h e  copper p l a t e ,  
t h e i r  p o s i t i o n s  a r e  dependent on N fo r  a f i x e d  A r  and G r s .  

3 .  I n  t h e  second t y p e  o f  t e s t s ,  a s e r i e s  o f  l a y e r s  separa ted  by  v e r y  t h i n  

The f low becomes u n s t a b l e  and c e l l u l a r  
i n t e r f a c e s  appeared i n  t h e  b u l k  f low.  The l a y e r  t h i c k n e s s  was much t h i n n e r  
than  those i n  t h e  f i rs t  t y p e  o f  t e s t s .  
c o n v e c t i o n  r e s u l t s ,  wh ich  i s  c l e a r l y  v i s i b l e  i n  shadowgraphs. 

The l a y e r e d  s t r u c t u r e s ,  s a l t  f i n g e r s ,  secondary c e l l s ,  and t h e  sideways 
d i f f u s i v e  i n s t a b i l i t y  a l l  may a f f e c t  t h e  c r y s t a l l i z a t i o n .  Thus, t h e r e  i s  a 
need fo r  c o n s i d e r a b l e  more r e s e a r c h  on problems o f  t h i s  t y p e .  
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FIGURE 1. - ILLUSTRATION OF TEST CELL AND ELECTRIC CIRCUIT. 
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COLD 
CATHODE J I 1 ANODE 

,r INTERFACE A 

(C)  
(A)  BULK FLOW PATTERNS. 
(B)  BULK FLOW PATTERNS. 

( C )  SECONDARY FINGERING CELL NEAR ANODE I N  THE MIDDLE LAYER. 

FIGURE 2. - FLOW PATTERNS ( A r  = 3. GrT = 5 . 0 1 ~ 1 0 ~ .  N = 0.30 FOR 
AN OPPOSING CASE). 
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INTERFACE B 

INTERFACE B 

(A) N = 0.05. 
(B) N = 0.15.- 
(C) N = 0.30. 

FIGURE 3. - FINGERING FLOW PATTERNS NEAR THE HOT ANODE (Ar = 3. 
GrS = 1.52~10~). POSITIONS OF INTERFACE A IS HIGHER THAN 
THE POSITION OF INTERFACE. 
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= 0.65 

- 

( A )  SKETCH OF FLOW PATTERNS NEAR THE HOT ANODE. 
( B )  FINGERING FLOW PATTERNS NEAR THE ANODE AT Y = 0.5 TO 0.65. 

FIGURE 4. - FLOW PATTERNS (Ar = 0.61, N = 6.25. GrS = 4.2~10'). 

y = .65 

Y = .5 

10 
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L1 
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HOT 
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H1 

HOT 
ANODE 

( A )  A SERIES OF LAYERS APPEARS I N  THE FLOW. 
(B) LEFT SIDE OF THE TEST CELL. 
(C) RIGHT SIDE OF THE TEST CELL. 

FIGURE 5 .  - FLOW PATTERNS (Ar = 0.96, N = 54.8. GrT = 2.5X106). 
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(D) AFTER THE THERMAL GRADIENT IS IMPOSED. 
(E) UPPER SIDE OF THE TEST CELL. 
(F) LOWER SIDE OF THE TEST CELL. 

FIGURE 5. - CONCLUDED. 
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